Eleven sequenced BACs were annotated and localized via FISH to tomato pachytene chromosomes -providing the first global insights into the compositional differences of euchromatin and pericentromeric heterochromatin in this model dicot species. The results indicate that tomato euchromatin has a gene density (6.7 kb/gene) similar to that of Arabidopsis and rice. Thus, while the euchromatin comprises only 25% of the tomato nuclear DNA, it is sufficient to account for approximate 90% of the estimated 38,000 non-transposon genes that comprise the tomato genome. Moreover, euchromatic BACs were largely devoid of transposons or other repetitive elements. In contrast, BACs assigned to the pericentromeric heterochromatin had a gene density 10-100 times lower than the euchromatin and are heavily populated by retrotransposons preferential to the heterochromatin -the most abundant transposons belonging to the Jinling Ty3/gypsy-like retrotransposon family. Jinling elements are highly methylated and rarely transcribed. Nonetheless, they have spread throughout the pericentromeric heterochromatin in tomato and wild tomato species fairly recently -well after tomato diverged from potato and other related solanaceous species. The implications of these findings on evolution and sequencing the genomes of tomato and other solanaceous species are discussed.
INTRODUCTION
Many plant and animal species possess chromosomes differentiated into highly condensed, pericentromeric heterochromatin and largely decondensed euchromatic arms. In animals, heterochromatin is often associated with transcriptional inactivity and suppressed genetic
The tomato (Solanum lycopersicum) is a diploid species with a genome comprised of 12 chromosomes (2n=2x=24) totaling 950 Mb of DNA (ARUMUGANATHAN and EARLE 1991) .
Along with maize, it was an early model system for genetics and cytogenetics studies in plants (for review, see RICK, 1971) . Like many other plant species, such as Arabidopsis and Medicago truncatula, tomato chromosomes contain long, contiguous stretches of euchromatin at the distal ends of most chromosomes and heterochromatic regions flanking the centromeres (de JONG et al. 1998; KULIKOVA et al. 2001; FRANSZ et al. 2003) . Approximately 25% of the tomato genome is contained in the euchromatin and 75% is contained in the pericentromeric heterochromatin (PETERSON et al. 1998) . Although much of the work has been done on Arabidopsis which has relatively little heterochromatin, tomato would be more similar to the majority of plants with less knowledge on the global organization of euchromatin and heterochromatin, especially crop plants that have large genomes and more heterochromatin. We report herein the annotation of 11 sequenced BAC clones assigned, via in situ hybridization, to both euchromatin and heterochromatin. From a comparative analysis of these BACs emerges a general picture of the global organization and evolution of euchromatin versus heterochromatin in this model dicot plant species.
MATERIALS AND METHODS

BAC clones and annotation:
Eleven sequenced tomato nuclear BAC clones were included in the analyses described herein. The sequences of all BACs have been submitted to Genbank (see Table 1 for accession numbers). Three of BACs (181K1, 181O9, 181C9) were randomly selected from a tomato BAC library, whereas the other eight were isolated from the same library by virtue of screening with known genes or single copy probes (BUDIMAN et al. 2000 ; VAN DER HOEVEN et al. 2002; Y. WANG unpublished data) . All BACs were subjected to annotation according to guidelines utilized for the rice and Arabidopsis genome (MAO et al. 2001; YU et al. 2002; GOFF et al. 2002; International Rice Genome Sequencing Project, 2005) . Genes were predicted with four computational gene finder programs: FGENESH (SALAMOV and SOLOVYEV 2000) , GenemarkHMM (BORODOVSKY and MCININCH 1993) , Genscan+ (BURGE and KARLIN 1997;  http://genes.mit.edu/GENSCAN.html) and GlimmerM (SALZBERG et al. 1998) using Arabidopsis training dataset. In addition, a BAC segment was also considered to represent a coding region if it showed a significant match with the Arabidopsis proteome (E value < 10 -10 for tblastx) and/or plant ESTs (E value < 10 -10 for blastn). Genes thus identified, but which showed strong homology to transposon-related genes (e.g. reverse transcriptase), were not considered to be part of the tomato gene repertoire.
Tomato BAC library screening: High density BAC filters were prepared using a tomato
HindIII BAC library with 129,024 BAC clones (BUDIMAN et al. 2000) . These filters were screened with probes randomly labeled with 32 P-dCTP as described previously (FEINBERG and VOGELSTEIN 1983) . Hybridization was carried out overnight in plastic boxes at 65°C. Filters were washed at 65°C progressively with 2x SSC + 0.1% SDS for 30 minutes, 1x SSC + 0.1% SDS for 20 minutes, and 0.5x SSC + 0.1% SDS for 10 minutes. Phosphorimaging screens were exposed overnight and were scanned on a Storm PhosphorImager (Molecular Dynamics).
Identifying highly repetitive sequences in BACs:
The 11 sequenced BAC clones were computationally screened for repetitive elements in two ways. First, each was compared against two repeat databases: Solanaceae repeat database, which contains all known repeats from solanaceous species, and Repbase, which is a comprehensive database of repetitive element consensus sequences in eukaryotic genomes, including TEs and tandem repeats of diverse origins (JURKA 2000; OUYANG et al. 2004) . If the gene model was homologous with known transposable elements (TEs) (either TIGR_Sol_repeat, or Repbase repeats or Arabidopsis TEs), then it was annotated as a TE-related gene. Second, the BACs were computationally screened against each other (blastn; E value < 10 -20 and bits score > 100) in an effort to identify repetitive sequence motifs shared by two or more BACs. Segments of BACs containing putative repetitive elements were aligned and manually examined in an effort to determine the length and boundaries of each repetitive element.
Southern hybridization:
A subset of the repetitive elements identified in this study were screened against the genomes of other solanaceous species to determine the taxonomic distribution of these elements. For these studies, PCR-amplified repeats were amplified, labeled with 32 P and used as probes on the genomic Southern blots containing restriction digested
Petunia ×hybrida hort. ex E. Vilm. and Solanum melongena L. (eggplant) (SPOONER et al. 2005) .
Blots were hybridized at 60°C and washed in 2x SSC for 20 min and in 1x SSC for 10 mins. The tomato 45S rDNA (R45S) ribosomal gene probe was used as a positive control for estimating the relative strength of hybridization signals (GANAL et al. 1988 ).
For estimating the methylation status of cytosine in the retrotransposons, a Southern blot was made using tomato (TA56 and TA209) genomic DNA digested with methylation-sensitive restriction enzymes, HpaII and EcoRI, and methylation insensitive isoschizomers, MspI and (MESSEGUER et al. 1991 Table 1 ).
BstNI
Copy number reconstruction experiments:
To estimate the copy numbers of the tomato repetitive sequences, PCR products representing the repeats were used in the reconstruction experiments. Denatured tomato genomic DNA extracted from S. lycopersicum cv.
TA209 (400 ng and 1000 ng) was spotted onto Hybond N + membrane (Amersham) according to GANAL et al. (1988) . Different quantities of PCR product, representing different copy numbers of the repeat in tomato genome, were also spotted on the same membrane. Hybridization of the 32 P-dCTP labeled repeats, analysis of the autoradiographs, and estimation of the copy number, from a plot of densities versus copy numbers, were carried out as described by BERNATZKY and TANKSLEY (1986 fluorescence microscope with a microCCD camera. Grayscale images were captured for each color channel and then merged using the Image-Pro Plus software.
RESULTS AND DISCUSSION
Genetic and Physical Localization of BACs in Tomato Chromosomes
Eleven sequenced tomato nuclear BAC clones were analyzed − three BACs (181K1, 181O9, Table 1 ). In addition, the hybridization signals of these three BACs were not evenly distributed, with some regions stained more intensively than nearby regions, which indicated the uneven distribution of repeat sequences or different condensation patterns in tomato chromosomes.
BAC Annotation
In an effort to determine compositional differences between the euchromatin and heterochromatin, each of the 11 BACs was subjected to computational and manual annotation.
Putative genes were identified by virtue of ab initio gene prediction programs, significant matches to ESTs from tomato or other related solanaceous species, and significant matches to predicted proteins from Arabidopsis or rice ( Figure 2B ). Gene models homologous with known transposable elements in solanaceous species, rice or Arabidopsis were annotated as TE-related genes. Thus the BACs could be assigned into three categories: 1) those containing only genes associated with transposons, 2) those containing both transposon genes as well as non-transposon genes, 3) those containing only non-transposon genes. The 6 BACs derived from heterochromatin (as determined by FISH, see previous section) fell into categories 1 and 2
( Figure 2B ). Moreover, the 3 random BACs (181K1, 181C9, 181O9) from tomato heterochromatic regions (i.e. not selected using a genic or single copy probe) all fell into categories 1 -containing no genes other than those related to transposons ( Figure 2B ). Of the 5
BACs assigned to euchromatin, 4 fell into the 3rd category (only non-transposon genes). The remaining BAC fell into category 2 -containing both transposons and non-transposon genes (Table 1 , Figure 2 ).
Gene Composition of Heterochromatin versus Euchromatin
The 6 BACs assigned to heterochromatin together comprise 678 kb with a gene density (not counting transposon-related genes) corresponding to approximately one gene every 56 kb.
However, this estimate for the gene density of heterochromatin has to be tempered with the fact that only 3 of the heterochromatic BACs were randomly drawn from the BAC library. The rest were selected with genic or other single copy probes hence biasing for BACs containing genes.
The 3 truly randomly sampled heterochromatic BACs comprise 370 kb and do not contain any non-transposon genes. Thus, the estimate of one gene every 56 kb in the heterochromatin is most likely an overestimate with the actual gene density in the heterochromatin likely being much lower than this value. The situation is dramatically different for the euchromatin. The 5 BACs derived from euchromatin together comprised 518 kb and contain 77 non-transposon genes.
Therefore, we estimate that the euchromatin contains, on average, one gene every 6.7 kb.
The fully sequenced genomes of Arabidopsis and rice provide reference points with which to compare the organization of tomato euchromatin and heterochromatin. For all three species, the estimated non-transposon (non-TE) gene densities for euchromatin are remarkably similar: tomato (6.7 kb/gene), Arabidopsis (4.5 kb/gene), rice (6.9 kb/gene) (COPENHAVER et al. 1999; KUMEKAWA et al. 2001; JIAO et al. 2005) . However, striking differences are revealed in the heterochromatin. Rice heterochromatin has gene density only a slightly lower than the gene density in euchromatin (11 kb/gene, JIAO et al. 2005) . In contrast, Arabidopsis and tomato heterochromatin have non-TE gene densities dramatically lower than euchromatin -Arabidopsis (256 kb/gene on chromosomes 2 and 4) and tomato (>56 kb/gene) (COPENHAVER et al. 1999) . As already noted, the higher gene density estimate for tomato heterochromatin (in comparison with Arabidopsis) may reflect a bias in the tomato estimate due to the non-random sampling of heterochromatic BACs (see previous section).
The tomato genome is comprised of approximately 950 Mb of DNA, 25% of which is euchromatin (ARUMUGANATHAN and EARLE 1991; DE JONG et al. 1998; PETERSON et al. 1998) . et al. 2002) . If these estimates are valid, then the tomato heterochromatin, which comprises 75% of the tomato nuclear genome, likely accounts for less than 10% of the non-TE genes -an important observation to be taken into account when contemplating sequencing of the genome of tomato or other solanaceous species (see following section).
Repeat Composition of Heterochromatin versus Euchromatin
In an effort to identify repeat elements in the tomato genome, all BAC sequences were compared with each other using blastn. A sequence element was classified as a "repeat" if it was shared by two or more BAC clones. Using this criterion, a total of three distinct repeat families were identified, Jinling, LARD1, and LARD2, involving five different BACs -all assigned to the heterochromatin (Table 1) . No shared repeats were identified in the euchromatic BACs (Table 1) . and assuming that the transposon elements had identical LTRs upon insertion, we estimate that these LARDs integrated into their existing sites after the divergence of tomato and potato -an event estimated to have occurred 10 MYA (CHAW et al. 1997; WIKSTROM et al. 2001 ).
Tom-LARD1 and
Jinling -a high copy retrotransposon family preferential to tomato pericentromeric heterochromatin: A third repeat family was identified which contains 15 elements (Table 1) .
The elements were found in multiple copies in 5 of the 6 BACs assigned to heterochromatin, and hence may represent an abundant and heterochromatin-preferential repeat. Based on alignments and annotation of the 15 repeat members, this element is deduced to be a member of the Ty3/gypsy retrotransposon family and share homology (84% identity) with the LTRs of two Table 1 ). All but one member in BAC 2O7 also lack the GAG domain found in many other Ty3 retrotransposons. The LTRs of this retrotransposon family also show homology (80% identity) with a previously described tomato repeat -TGRII (tomato genome repeat II) (GANAL et al. 1988 ). The TGRII repeat family was determined to consist of more than 4000 member repeats, making it the highest copy, interspersed element in the tomato genome (GANAL et al. 1988 ). Based on the high level of homology, we propose a family name of Jinling (meaning "golden bell" in Chinese and indicating the heterochromatin vicinity) to represent all the related elements reported herein as well as the previously reported PCRT1a and TGRII elements (YANG et al. 2005 , GANAL et al. 1988 .
Copy number of Jinling:
The copy number of Jinling in the tomato genome was estimated via a genomic reconstruction experiment using various components of the Jinling element from BAC 40B13 as probes (supplementary Table 1 (Figure 1, Figure 3 ). However, non-uniform hybridization signals suggest that Jinling may not be randomly distributed in the heterochromatin (Figure 3 
Estimating the timing of Jinling transposition during evolution of the Solanaceae:
The time of insertion of any given transposable element in a genome can be estimated, provided the following conditions are met (SANMIGUEL et al. 1998; JIANG et al. 2002; MA and BENNETZEN 2004) : 1) The inserted element must have terminal repeats that were identical in sequence at the time of the insertion. 2) Random mutations begin to accumulate in the terminal repeats after insertion. This mutational drift in sequence cannot be affected by selection -i.e. principle of random genetic drift applies.
3) The terminal repeats, at both ends of the element, have been retained and can be aligned, allowing generation of sequence divergence statistics. 4) Neutral nucleotide divergence rates for non-coding regions are available for the organism under study, allowing molecular clock estimates to be used in calculating the amount of time that has passed since the element inserted and the terminal repeats began to mutate.
LTRs at the opposite ends of Jinling members share sequence similarities ranging from 90% to 97%. Considering the intergenic sequence identity of 86% between tomato and potato (Y.
WANG, unpublished data), these results indicate that Jinling spread throughout the tomato heterochromatin subsequent to the divergence of tomato and potato from their last common ancestor -estimated to be 10 MYA (CHAW et al. 1997; WIKSTROM et al. 2001) . Moreover, an DNA methylation is often associated with reduced gene expression and previous studies in maize and Arabidopsis have also shown that repetitive sequences in heterochromatin are highly methylated (BENNETZEN et al. 1994; LIPPMAN et al. 2004; RABINOWICZ et al. 2005) . A blastn search against more than 180,000 tomato ESTs (www.sgn.cornell.edu) revealed no matches to
Jinling. Hence, despite its high copy number, Jinling element must be rarely transcribed.
CONCLUSIONS Sequence composition of euchromatin and pericentromeric heterochromatin:
The results presented herein paint the picture of the tomato genome in which at least 90% of the nontransposon genes are sequestered in the contiguous stretches of euchromatin found at the distal portions of most chromosomes and comprising only 25% of the total DNA in the tomato genome.
These euchromatic regions are largely devoid of repetitive elements (e.g. retrotransposons) and contain gene density similar to the euchromatin of species with smaller genome such as rice and Arabidopsis. In contrast, the pericentromeric heterochromatin has a gene density 10-100 lower than euchromatin and is largely occupied by retrotransposons -the largest family being the TY3/gypsy-type Jinling family. LTR divergence data suggests that Jinling originated and spread rapidly in the pericentromeric heterochromatin of tomato and closely related wild tomato species approximately 5 MYA -well after the divergence from potato and other solanaceous species that lack this element. However, the fact that tomato and other solanaceous species have very similar chromosome architecture with respect to euchromatin and pericentromeric heterochromatin raises the possibility that heterochromatin regions in these species are occupied by other retrotransposons families, which are common to all Solanaceae and might have radiated at different times during Solanaceae evolution (GOTTSCHALK et al. 1954 ). The fact that pericentromeric heterochromatin appears to be deficient in genes and evolving rather rapidly with respect to repeat composition, may explain why chromosome pairing and meiotic recombination is often repressed (up to 1000 fold) in heterochromatin versus euchromatinespecially in interspecific hybrids (TANKSLEY et al. 1992 ).
Implications of this study to the sequencing of the tomato genome and the genomes of other solanaceous species:
The results from this study indicate that as much as 90% of the estimated 38,000 non-retrotransposon genes in tomato can be discovered by sequencing the tomato euchromatin which accounts for only 25% of the total DNA. Moreover, the high gene density and the lack of repetitive sequences should make computational assembly of euchromatin sequences relatively straightforward. Currently, an international project to sequence the tomato euchromatin on a BAC-by-BAC basis is being conducted by a consortium of 10 countries (http://www.sgn.cornell.edu/). Because of the low gene density, sequencing the 75% of the genome comprising heterochromatin would be expensive and may result in discovery of a relatively small fraction of genes. The small portion of genes embedded in the heterochromatin could be more efficiently discovered through EST databases (currently more than 500,000 ESTs exists for tomato and related solanaceous species (http://www.sgn.cornell.edu/) and/or methyl filtration sequencing (PALMER et al. 2003; BEDELL et al. 2005) . Finally, because of the high level of conserved chromosomal macrosynteny and microsynteny amongst the genomes of solanaceous species, the sequence of the tomato euchromatin could be utilized in genetic/genomic studies across the entire family (DOGANLAR et al. 2002; PARAN et al. 2004; WANG unpublished data). T707   T506   cLEC7B23   CT229   T703   T1068   SSR603   TG182   T891   SSR306  SSR310  SSR638   TG287  T883  T1050  T1405   T1232  TM19   T1955  T708   TG443   T974   cLED19B12   CT173   T360 SSR285   TG61   T1328   T1428  CT135   T671  TG252  T643   TG174   TG217   TG572   T1624  SSR45  TG216   T1366  T1738   T966  T1255   T848   TG499   T463A   SSR557   CT114   BAC2o7   cM scale   20   40   60   80   100   120   SSR344  TG176  cLPT2K10  SSR244  T721   T720  SSR327  T1352   TG349   TG302   CT88   T1341  SSR38   CT111   CT148   T337  T1359   T1558 CT252 TG294
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